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ABSTRACT 
 
The ability to predict phenological development is crucial to the successful use of 
crop simulation in crop adaptation studies. Previous studies have shown existing 
predictive algorithms to be inadequate when applied to a broad range of cultivars 
and environments.  The primary objective of the study was to quantify the 
temperature and photoperiod responses of the rates of development during 
emergence to tassel initiation (ETI) for a diverse set of maize cultivars. Five 
cultivars of maize, differing in maturity and adaptation, were sown on seven dates 
from 1 October 1993 to 29 March 1994 and grown under natural and extended 
(16.5 h) photoperiods at Gatton, South East Queensland, under non - limiting 
conditions of water and plant nutrient supplies. Timing of emergence and tassel 
initiation were observed for all treatments. The base, optimum, and maximum 
temperatures, and photoperiod sensitivity of each cultivar were determined using 
an iterative optimisation procedure. The critical photoperiod (12.5 h) was adopted 
from literature sources, as there was inadequate range in short photoperiods in the 
present study to determine it with confidence. Photoperiod extension increased the 
duration of ETI and increased the number of leaves on all cultivars, the largest 
increases occurring in a tropically adapted cultivar (Barker), in five of the seven 
sowings. No response to photoperiod extension occurred in the crops sown on 24 th 
February and 29 th March 1994.  The temperature response was the same in all 
cultivars, and was best described by a three-stage broken-stick linear function. 
Photoperiod sensitivity was linear at photoperiods in excess of 12.5 h. The 
optimised base, optimum and maximum temperatures were 8, 34 and 40 oC 
respectively. Photoperiod sensitivity, expressed as the increase in number of leaves 
produced per hour of photoperiod in excess of 12.5 h,  ranged from 0.3 to 1.5 
leaves h-1.  When expressed as the increase in thermal duration of the photoperiod  
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sensitive interval prior to tassel initiation, it was 5.0 to 27.3 oCd h-1, (using the 
optimised  base, optimum and maximum temperatures).  The fitted values for the 
real time duration of  ETI  were in close agreement (RMSD = 2.1 days) with the 60 
observed values, which spanned a range of 13 - 34 days. The optimised values for 
temperature and photoperiod responses should be used for improved prediction of 
tassel initiation in maize crop simulation models that include detailed prediction of 
crop ontogeny. 
 
Key words: maize, modelling, ontogeny, photoperiod, temperature, Zea mays 
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INTRODUCTION 
 
The ability to predict crop ontogeny is crucial to the successful use of crop 
simulation in crop adaptation studies. Development in maize is governed by 
temperature and photoperiod but there is divergence in the literature on the 
quantification of these responses. The maize simulation models, CERES-Maize 
(Jones and Kiniry, 1986a) and AUSIM - Maize (Carberry et al., 1989, Carberry and 
Abrecht 1991), use temperature and photoperiod to predict time from sowing or 
emergence to tassel initiation.  AUSIM-Maize was derived from CERES-Maize, 
and these models have substantial commonality. Changes made in the development 
of AUSIM-Maize by Carberry et al. (1989) and subsequently by Carberry and 
Abrecht (1991) were designed to provide accurate predictions under semi-arid 
tropical conditions in Australia. However, AUSIM-Maize failed to produce 
accurate predictions of crop ontogeny, leaf number, leaf area and dry matter 
accumulation and distribution when applied to 34 data sets from Gatton, South East 
Queensland, and 14 from Katherine, Northern Territory (Birch 1995, 1996). In that 
evaluation, only crops grown without water or nutrient limitations, using genetic 
coefficients specified in the data file used by AUSIM-Maize, were used to test the 
performance of the model. The genetic constants supplied with AUSIM-Maize were 
derived from experiments grown under non-limiting conditions of water and 
nutrient supply at Gatton, Katherine, Kununurra (Western Australia), and 
Walkamin (North Queensland) (Birch 1991, Carberry and Abrecht, 1991, Carberry, 
Muchow, Birch and Cogle, unpublished data, Karanja 1993). Prediction of crop 
ontogeny, and specifically of emergence to tassel initiation (ETI) must be accurate  
before credible studies of maize adaptation over a broad range of cultivars and 
environments can be undertaken. This implies that the temperature and photoperiod 
responses must be quantified accurately under field conditions. 
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The temperature response (for crop development) in maize is widely defined in 
terms of base (Tbase), optimum (Topt) and maximum (Tmax) temperatures. Tbase and 
Tmax are the temperatures below and above which the plant does not develop, while 
Topt is the temperature at which development proceeds most rapidly. This approach 
is used in prediction of crop ontogeny in CERES-Maize and AUSIM-Maize, while 
CORNF (Stapper and Arkin 1980) sets all temperatures above 30 oC to 30 oC - that 
is, it does not use a maximum temperature.  
 
Tbase and  Topt of 10 and 30 oC are widely reported in the literature (e.g. Blacklow 
1972, Cross and Zuber 1972, Watts, 1972, Tollenaar et al., 1979). However, values 
of  8 and 34 oC are used in CERES-Maize and AUSIM-Maize. Many of the data 
used to derive the 10 - 30 oC regime are from controlled environment studies, in 
which there is some evidence that rates of development differ with the range of 
temperatures used (e.g. Swan et al., 1981, Warrington and Kanemasu 1983). 
 
The Tbase and Topt  values determined from the small number of field studies that 
have been reported, are lower than those from controlled environment studies. Base 
temperatures of   8 oC (Major et al., 1983), 5 oC (Stevens et al., 1986b), 6 oC 
(Bonhomme et al., 1994) and optimum temperatures of 26 oC (Cooper 1979), 28 oC 
(Stevens et al., 1986b), 30 oC (Bonhomme et al., 1994) have been found in field 
studies. The lower Tbase and Topt reported from field experiments may be due to 
difficulty in measuring the temperature at the meristem. Alternatively, they may 
arise from the continuous variation in diurnal temperatures, whereas controlled 
environments usually have constant temperatures for discrete periods of the day. A 
difficulty in comparing the values reported in the literature is that there is little 
consistency in the criteria of  assessment of the Tbase,  Topt and Tmax.  Results may 
be reported for leaf appearance rate (Swan et al., 1981, Thiagarajah and Hunt, 
1982), or crop development  intervals, such as emergence to tasselling (e.g. 
Warrington and Kanemasu, 1983).  
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Temperature response in maize is known to vary with cultivar. In controlled 
environment studies, Ellis et al. (1992) found Topt for the sowing  to tassel initiation 
(TI) varied among 12 cultivars, and ranged from 19-22 oC in a tropical highland 
cultivar adapted to cool environments, to 31oC  in a tropical lowland cultivar 
adapted to warm conditions. Cutforth and Shaykewich (1990) also found cultivar 
differences in  Topt and Tmax. These differences among cultivars are probably 
related to the temperature and photoperiod regimes under which individual 
cultivars are selected. The  range  between Topt (30 oC)  and Tmax for the ETI 
interval has been reported as 6-8  oC  (Coligado and Brown, 1975, Bonhomme et 
al., 1994). 
 
There is substantial evidence that maize, which is a short-day plant, responds to 
increasing photoperiod by delaying tassel initiation (e.g. Aitken 1980, Warrington 
and Kanemasu, 1983, Kiniry et al., 1983, Ellis et al., 1992).  The crop does not 
respond to photoperiod until the end of the juvenile stage, during which only 
vegetative growth occurs. This is followed by an inductive phase,  that is sensitive 
to photoperiod, which is terminated by TI. The duration of both of these intervals is 
usually defined in thermal time  e.g. Daynard, 1972, Major et al., 1983, Stevens et 
al., 1986a,b, Cutforth and Shaykewich, 1990, Muchow and Carberry, 1989). 
Photoperiod sensitivity (PPS) is also usually expressed as thermal time per hour of 
photoperiod in excess of the critical photoperiod, though other descriptions such as 
leaves per hour above the critical photoperiod have been used (e.g. Bonhomme et 
al. 1991). PPS applies until a ceiling photoperiod of  at least 18 h (Bonhomme et 
al., 1991) is reached.  The critical photoperiod and ceiling photoperiods are those 
below and above which there is no change in the rate of development due to 
photoperiod. 
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A critical photoperiod of 12.5 h has been reported by Aitken (1980), Warrington and 
Kanemasu (1983), and Kiniry et al. (1983), and is used in CERES-Maize, AUSIM-
Maize and CORNF.  However, there is evidence  that a higher critical photoperiod (13 
h) is applicable to tropically adapted cultivars (e.g. Ellis et al., 1992), and, thus, it is 
almost certain that critical photoperiod varies across cultivars. PPS varied among 
regionally adapted cultivars in the United States and Canada, and may be zero in those 
adapted to the shorter season areas (Ritchie et al., 1986). The thermal duration of the 
basic vegetative period  also varied, being shorter in  cultivars adapted to short growing 
seasons (Ritchie et al., 1986). 
 
The primary objective of our study was to quantify the temperature and 
photoperiod response of  phenologically diverse cultivars of maize grown under 
field conditions in a sub-tropical environment. By using natural and extended 
photoperiods, and a range of sowing dates, data on development under a broad 
range of temperature and photoperiod conditions were collected. The iterative 
optimisation technique, DEVEL (Holzworth and Hammer, 1992), was applied to 
these data to derive Tbase, Topt, Tmax and PPS  for the five cultivars used. Data on 
leaf number were also collected, and PPS  was expressed in terms of  increased leaf 
number per hour of photoperiod in excess of the critical photoperiod. 
 
MATERIALS AND METHODS 
 
Field experiment 
 
A field experiment was conducted at The University of Queensland, Gatton 
College (latitude 27o 33' S, longitude 152o 20' E) on a moderately fertile black 
earth, Lawes series (Schafer et al., 1986). The fertility of the soil was assessed by 
soil analyses, the results showing that only nitrogen was deficient and zinc supply 
marginal when assessed against accepted standards (Anon., 1991) for nutrient 
adequacy. 
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Two photoperiods (natural and extended to 16.5 h) were used on each of seven 
sowing dates (1 October 1993, 29 October 1993, 26 November 1993, 30 December 
1993, 27 January 1994, 24 February 1994 and 29 March 1994), (sowings #1 to #7 
respectively). The natural photoperiods, including civil twilight, at two weeks after 
seedling emergence, were  calculated using the method outlined in Jones and 
Kiniry (1986b). These were 13.7, 14.4, 14.8, 14.5, 13.9, 13.1 and 12.2  hours for 
each sowing date, respectively, and increased by, at most, 10 minutes during the 
inductive phase of plants grown under natural photoperiod conditions. Five 
cultivars of maize (Pacific Hycorn 42, De Kalb DK529, De Kalb XL82, Pacific 
Hycorn 83 and QDPI Barker) were sown on each date. Hycorn 42 is a modified 
single cross hybrid (B17  female x Mo 17 male), De Kalb DK529 a single cross 
(Iodent female x Mo 17 male, short season derivative), XL 82 a single cross (Stiff 
Stalk Synthetic female x Mo 17 male), and Hycorn 83 a single cross (Mo 17/PA 91 
female x B73/European Flint male) (E. Corsan, 1993, pers. comm., G. Schafer, 
1996, pers. comm.). Barker is a three-way cross hybrid. The female is a single-
cross of parents derived  from composite AG1 flint germplasm from the 
International Centre for Maize and Wheat Improvement (CIMMYT). The male is 
an inbred  of synthetic Australian dent germplasm (I. Martin, 1996, pers. comm.). 
These represented relative maturities, based on the American Eastern States 
Relative Maturity system of  90-105 days (Pacific Hycorn 42, De Kalb DK529), 
106-120 days (De Kalb XL82), 121-135 days (Hycorn 83) and >135 days (Barker). 
These assessments were advised by E. Corsan (pers. comm, 1993), for the Pacific 
and De Kalb hybrids, and I. Martin (pers. comm. 1993), for Barker. 
 
A split-split plot design with three replications was used. Photoperiod treatment was 
the main plot, sowing date as the sub-plot, and cultivar the sub-sub-plot, each 
randomised within the next higher level. Two rows, 0.60 m apart and 6 m long were 
sown for each of five cultivars in each sub-sub-plot on each sowing date, in a manner 
similar to that used by Chase and Nanda (1967) and Stevens et al., (1986a). Twenty 
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seeds m-1 of row were sown for an established population of 9 plants m-1 of row (15 
plants m-2). This population was used until tassel initiation, when one row was 
removed, resulting in a plant population of  7.5m-2. The remaining row was used for 
collection of data on leaf number (see later). A 3 m guard between the sub-plots was 
used to prevent the natural photoperiod treatment being affected by light from the 
extended photoperiod treatments. This guard area was also sown with maize, to 
enhance the effectiveness of the guard. Six lights (Philips RO 80 lights  of output 100W 
with reflecting backs) per sub-plot (10 rows) were used to extend photoperiod. The 
individual lights were placed 1.8 m apart and 1m above the canopy with a maximum 
height of 4 m, the rows of lights aligned at right angles to the rows of crop. This 
arrangement produced a minimum of least 2 W m-2 at the canopy (in the corners of the 
plots), measured by a Kipp Pyranometer, model CM11. The lowest intensity exceeded 
that necessary (<0.5 W m-2,  Francis et al. 1970), to saturate the photoperiod  response 
of both highly sensitive and almost insensitive cultivars of maize. They also exceed the 
lowest used in studies with artificially extended photoperiod by Bonhomme et al. 
(1991). Irradiance measurements confirmed no ‘spill’ of light from the extended 
photoperiod treatments into the neighbouring natural photoperiod treatments. 
 
Irrigation and nutrients were applied at rates to ensure that non-limiting conditions 
were maintained. Nitrogen was applied at 150 kg N ha-1 at sowing, followed by 50 kg 
N ha-1 four and seven weeks after sowing. Zinc was applied at 1 kg ZnSO4.7H2O in 100 
L water ha-1 as a foliar spray two, four and six weeks after emergence. Insect pests and 
weeds were controlled as required. 
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Data collection 
 
Temperature 
 
Daily maximum and minimum temperatures (Figure 1) were recorded by an automatic 
weather station (using TA10 series air temperature sensors, Environdata, Warwick, 
Queensland) located adjacent to the field experiment.  
 
Time of emergence 
 
The time of emergence was assessed from plant counts in two 1 m linear quadrats, 
and once 50% emergence (9 plants m-1) of viable seed sown was reached, 
emergence was recorded. 
 
Tassel Initiation 
 
One of the two rows in each sub-sub-plot was used for destructive sampling to 
determine tassel initiation (TI). Three randomly located plants per row were 
removed at regular intervals (every 2 - 3 d) starting 12 d after emergence. The apex 
was dissected under a stereoscopic microscope and its development stage compared 
with standard micrographs (Moncur 1981). Destructive sampling continued until 
the apex rating reached at least four (4) on a one to six scale (one being the 
vegetative apex and six being the apex clearly having the branched form of a 
tassel). TI was recorded when the graph of apex rating against time (d) from 
emergence reached 2. At this time the apex had elongated and ridges appeared at its 
base. Once TI had occurred, the remaining plants from the sampled row were 
removed. 
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Leaf number 
 
The total number of leaves (TLNO) was recorded at tasselling  To ensure accuracy of  
data on TLNO, the fifth leaf on each plant was marked with plastic tape before the 
cotyledon had senesced, and used as a reference leaf. 
 
Data analysis 
 
Analysis of Variance 
 
Analysis of variance was completed for real and thermal time (using Tbase, Topt and Tmax  
of 8, 34 and 44 oC as in AUSIM-Maize and CERES-Maize) durations of  ETI to test the 
independent and interactive effects of photoperiod extension, sowing time and cultivar 
using the MGLH (Multiple General Linear Hypothesis) procedure in SYSTAT 
(Wilkinson, 1990). Regressions were calculated either by MGLH or the regressions 
capability of  the graphics package, SIGMAPLOT (Kuo and Fox, 1993), and root mean 
square deviations (RMSD) by STATISTICS routines in SYSTAT. 
 
Optimisation  using DEVEL 
 
An optimisation program, DEVEL (Holzworth and Hammer 1992) was used to 
determine the temperature and photoperiod responses of each cultivar from the 
experimental data for ETI. DEVEL contains a library of temperature and photoperiod 
functions, described in Holzworth and Hammer (1992). These can be used separately or 
in combination to examine the independent and interactive effects of temperature and 
photoperiod. We assessed the alternative functions in DEVEL, and found that  the same 
temperature and photoperiod response functions as in CERES-Maize and AUSIM - 
Maize to be the most suitable. Thus, these functions were used to determine the new 
coefficients for each cultivar. When using DEVEL, starting conditions (i.e. estimates of 
values of the parameters to be optimised), are supplied. DEVEL uses temperature and  
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photoperiod conditions that occur during the period under consideration. For instance, 
when calculating PPS, it uses only the photoperiod data for the period from the 
optimised end of the non-inductive (juvenile) stage to TI. Thus, the optimised PPS 
refers to photoperiod during the inductive period. To  minimise the risk that optimised 
values of the parameters reported here are inaccurate,  numerous runs of DEVEL were  
used for each cultivar. Substantially different starting conditions were used to guard 
against the identification of local optima, and to assess whether they converged, giving 
the same optimised values. Thus, the potential for the optimised values being artefacts 
of the starting conditions, or an erroneous selection from possible multiple solutions is 
minimised, but cannot be eliminated (Mayer et al., 1995). 
 
Because of the lack of response to photoperiod in sowing 6 and 7, data for the extended 
photoperiod in these sowings were excluded. Data was also excluded for the natural 
photoperiod treatment) for Hycorn 83 (sowing 7 only) and Barker (sowings 6 and 7) 
due to poor plant vigour and wide variation in time to tassel initiation in individual 
plants. 
 
As maximum temperatures at Gatton rarely exceeded 40 oC, and were only consistently 
above 35 oC for brief periods, there were few data on which to assess the effects of high 
temperature. Consequently, four additional data on ETI from sowings of XL82 in 
November 1983, February 1984, October 1984 and February 1985 in a consistently 
hotter environment at Katherine, NT (Muchow and Carberry 1989) were added, to 
confirm the temperature response for this cultivar. No additional data on ETI were 
available for the other cultivars used in this study. 
 
Assessment of revised temperature and photoperiod coefficients with independent 
data. 
 
The predictions of ETI in independent data sets by the revised Tbase, Topt, Tmax and PPS 
derived by DEVEL were assessed. For this evaluation, independent data for XL82 and 
Barker were available from Carberry et al. (1989), Muchow and Carberry (1989), 
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Birch, 1991, and  Carberry and Abrecht (1991). There was no independent data for 
DK529, Hycorn 83 or Hycorn 42. However, the genetic background and ontogeny of 
Hycorn 42 is similar to Hycorn 40 and Hycorn 50 (E. Corsan,  1994 pers. comm.),  and, 
in the studies of Karanja (1993), Hycorn 40 and Hycorn 50 had similar ontogeny until 
silking. Thus, data on ETI for Hycorn 40 and Hycorn 50 were used as independent 
data, and the optimised temperature and photoperiod coefficients were applied to them. 
 
Level of significance 
 
Unless otherwise stated, the level of significance calculated by analysis of variance and 
regression is P < 0.01. 
 
Results 
Photoperiod, cultivar and sowing time effects 
 
Effects of photoperiod extension, cultivar, sowing time and their interactions  on real 
and thermal time (oCd) (calculated using Tbase, Topt and Tmax of 8, 34 and 44 oC) from 
emergence to TI were all statistically significant (Table 1). Thus, further analyses  
needed to take into account photoperiod, temperature and cultivar factors in a way that 
can account for the observed main  and interactive effects. Photoperiod extension did 
not affect time to TI or TLNO in sowings 6 and 7,  and hence these data were excluded 
from further analyses of photoperiod responses. 
 
There was no discernible pattern in the effect of photoperiod on the real time duration 
of ETI for each cultivar (Figure 2). Variation between sowings in real time to tassel 
initiation in the 16.5 hr treatment would be expected, because, at longer photoperiods, 
the differential responses of the cultivars will be maximised in a short day plant.  
However, no significant regressions that provide photoperiod sensitivity in terms of 
real time (days per hour of photoperiod in excess of 12.5 h) could be calculated. 
 
The  thermal duration of ETI  (oCd, calculated from Tbase, Topt and Tmax of 8, 34 and 44 
oC) tended to increase as photoperiod increased (Figure 3) for sowings 1 to 5. The two 
lowest points for each cultivar in the 16.5 hr treatment in Figure 3 are for the February 
and March sowings in which there was no effect of photoperiod. The same data points 
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excluded in the optimisation by DEVEL, plus data for photoperiods of <12.5 h were 
excluded from the regressions in Figure 3. These regressions of thermal time against 
photoperiods of above 12.5 h were non-significant (XL82 and Hycorn 83), explained  
55% (Hycorn 42), 62%  (DK529) or 79% (Barker) of the variation (Figure 3). 
 
Extending photoperiod significantly increased the TLNO on most cultivars in sowings  
2 to 5, but not in sowing 6 (Table 2).  The increases were expressed as linear regression 
of TLNO on photoperiod in excess of 12.5 h (i.e. photoperiod - 12.5 h), the coefficient 
in the regression representing the increase in leaf number per hour of photoperiod in 
excess of 12.5 h. Regressions were calculated for TLNO at tasselling for natural 
photoperiod conditions only, and for natural photoperiod (in sowings 2-6) plus 
extended photoperiod (in sowings 2-5) conditions. The intercepts and coefficients in 
the regressions were similar within cultivar, whether extended photoperiod was 
included or not. Thus, there is no evidence of a ceiling photoperiod within the 
experimental range.  
 
The coefficients in the regressions for TLNO show that the cultivars used produce 17.2  
to 19.6 leaves at a 12.5 h photoperiod, and that the sensitivity of leaf number to 
photoperiod was highest in Barker (1.5 leaves h -1). Except for Hycorn 42, the others 
produced < 0.5 additional leaves per h of photoperiod in excess of 12.5 h (Table 3).  
 
Temperature response 
 
T base and Topt  of  8 and 34 oC were found for all cultivars, these temperatures falling 
within the 10% confidence interval for the individual cultivars. However, there was 
some, albeit small, variation in optimised Tmax among cultivars, these being 42 oC 
(Hycorn 42), 40 oC (DK529 and Barker), 41 oC (XL82 and Hycorn 83), but these were 
all similar, as each fell within the 10% confidence interval for others. Calculation of 
Tmax for XL82, using data for the present experiment, and the four data sets from 
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Katherine, produced a Tmax of  40 oC for XL82. Since this value did not differ from the 
value for the individual cultivars, it was adopted for all cultivars. 
 
Photoperiod response 
 
There was no evidence from the analyses by DEVEL that the ceiling photoperiod was 
exceeded by the maximum photoperiod used (16.5 h). Also, as few data were available 
for photoperiods below 12.5 h (the critical photoperiod used in CERES-Maize, 
AUSIM-Maize and CORNF), the critical photoperiod could not be assessed adequately 
for each cultivar. Nevertheless, the analyses by DEVEL provided critical photoperiods 
of 12-13 h. Thus, 12.5 h was adopted as the critical photoperiod. 
 
PPS varied among  cultivars,  but was small except in Barker (Table 3). The 
thermal duration (oCd) of the basic vegetative stage derived by DEVEL  was 
similar in Hycorn 42 and XL82 (236 oCd) , and in DK529 and Hycorn 83 (260 and 
273 oCd),  all of which were significantly less than Barker (310 oCd) (Table 4).  
 
Accuracy of fitted values from optimised Tbase, Topt, Tmax and PPS  
 
After calculating the optimum values for the parameters in the functions chosen, 
DEVEL proceeds to fit the duration of the crop development interval, here ETI, 
from the fitted parameters. It also provides an r2  (Table 4)  and an RMSD value of 
predicted versus observed duration (d) for the interval concerned. The RMSD is 
expressed as the proportion of the interval being modelled, and, in this study, were 
below 10%,  indicating a tight fit of the optimised values.  
 
The tightness of fit of the predictions arising from the optimised values is shown in 
Figure 4. Most points fall close to the 1:1 line, those that were furthest from the line 
are mostly for the natural photoperiod in sowings 6 and 7 and Hycorn 83. The 
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RMSD for the combined data was 2.1 d, and the regression (Figure 4) shows a 
good fit over the range of 13 to 34 d in duration of ETI. 
 
Evaluation of predictions from revised temperature and photoperiod coefficients 
against independent data  
 
Figure 5 shows the comparisons of observed durations of ETI for independent data 
sets, with those predicted by the revised temperature and photoperiod coefficients. 
Though there are only limited data (16 data sets), with a relatively narrow range in 
observed ETI (10-21 d, mostly in the 13-16 range), the revised coefficients 
provided predictions that were generally quite accurate across the range in the 
observed data.  
 
DISCUSSION 
 
Optimisation of temperature and photoperiod responses 
 
When using  DEVEL to optimise the temperature and photoperiod responses, initial 
conditions  (which are estimates of  the values of the parameters and coefficients to be 
optimised)  are supplied. Thus, the possibility that the optimised values are sensitive to 
the initial estimated values that are supplied must be recognised. Also, the possibility of 
multiple solutions (i.e. alternative optimised values) and the production of artefacts 
exists. The limitations of the ‘hill climbing’ algorithms, as  used in DEVEL (Holzworth 
and Hammer 1992), have been outlined by Mayer et al. (1995). The strategy outlined 
earlier was used to minimise the likelihood that the optimised values being artefacts of 
the starting conditions, or an erroneous selection from possible multiple solutions is 
reduced. Thus, the results discussed  here should be reliable. 
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Optimised temperature coefficients 
 
The Tbase and Topt determined from the present study are  the same as those in 
CERES-Maize and AUSIM-Maize, and thus apply to a wider range of cultivars 
than previously documented.  There was a much wider range in temperature (26 
oC) from the base to the optimum,  than from the optimum to the maximum (6 oC). 
The difference  between Topt and Tmax for the ETI interval found here is similar to 
that  of  Coligado and Brown (1975) (6-8 oC) and Bonhomme et al., (1994) (6 oC), 
but differs from that in CERES-Maize and AUSIM-Maize (10 oC). These findings 
confirm that the general approach to the temperature response used in CERES-
Maize and AUSIM-Maize, but indicates a more rapid decline from the maximum 
rate of development at Topt  than used in those models. Hence,  less thermal time is 
accumulated at supra-optimal temperatures than by CERES-Maize and AUSIM - 
Maize. The difference in  thermal time accumulation would usually represent a 
relatively small proportion of the total thermal time that is accumulated, as supra-
optimal temperatures usually do not persist for more than a few hours on a day, or 
for more than a few days, in the principal maize producing areas. Thus the 
differences in accumulated thermal time would not be great, except in hot 
environments, such as the semi-arid tropics. These areas may be marginal for maize 
production, and accurate data on temperature responses are critical to the use of 
models to study crop adaptation to such environments. 
 
There was no evidence in the present study for the low optimum temperatures 
reported by  Ellis et al., (1992) (from controlled environment studies) or by 
Cutforth and Shaykewich (1990) (from an iterative optimisation study with only 
three cultivars, two of which had low Topt and Tmax). It may be that there is a group 
of cultivars that have low Topt and Tmax but if so, none was included in this study.  
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Optimised photoperiod response coefficients  
 
There is no apparent explanation of the failure of photoperiod extension to delay TI 
in any cultivar in sowings 6 and 7 (Figure 3). The intensity of light used to extend 
photoperiod was sufficient to saturate the photoperiodic response of maize. It 
exceeded that used by  Francis et al. (1970), Hunter et al. (1974) and Bonhomme et 
al (1991) to extend photoperiod,  and the response of leaf number (for natural 
photoperiod in sowings 2-6 plus  extended photoperiod in sowings 2-5) to 
photoperiod in excess of 12.5 h was linear. Thus, further research is necessary to 
elucidate the nature of the temperature and photoperiod under conditions that 
applied to crops sown in late February and late March in South-eastern 
Queensland. 
 
Revision of Tbase, Topt and Tmax  meant that PPS (increase in thermal duration of the 
inductive stage per h of photoperiod in excess of 12.5 h)  would need to be revised, as 
the temperature coefficients used in calculation of thermal time had changed. Thus the 
slopes of the regressions, based on thermal time (calculated using Tbase, Topt and Tmax of 
8, 34 and 44 oC) in Figure 3 would no longer be applicable, as the Tmax used in 
calculation of thermal time has changed. 
 
The  critical photoperiod of 12.5 h was set as a fixed value in DEVEL when 
assessing PPS. PPS is rarely quantified in the literature or in practice, and, with few 
exceptions, relates to cultivars other than those used in this study. For XL82, 
Muchow and Carberry (1989) reported the  PPS during ETI  was 88.4 oCd h-1 
(using Tbase, Topt, and Tmax  of 8, 34 and 44 oC).  However, in the data supplied with 
AUSIM-Maize, PPS of this cultivar was  given as 41 oCd h
-1
, but included 
additional data not available in 1989 (P.S. Carberry, pers. comm., 1994).  Also, the 
photoperiod sensitivity for Barker supplied with the data for AUSIM-Maize was 56 
oCd h-1. These figures are relatively high when compared to the slight photoperiod 
sensitivity reported by Rood and Major (1980) and Warrington and Kanemasu 
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(1983). PPS values found in this study were low (Table 4), except in Barker. They 
were all lower (when compared as percentage extension of ETI per hour of 
photoperiod in excess of 12.5 h) than the PPS values supplied with AUSIM-Maize. 
Our study has a much greater range in photoperiods than the previous studies used 
to calculate PPS, and, thus, the  PPS values  reported here will be more reliable. 
 
The results presented here confirm that differences in PPS occur among cultivars 
selected for particular regions. For example Hycorn 42, specifically selected for 
cool, long day environments (E. Corsan, 1995, pers. comm.) had very low PPS, 
whereas Barker (selected for the tropics) has greater PPS. There are also 
differences in the thermal duration from emergence to the end of the juvenile stage, 
and thus of ETI in cultivars selected for specific regions (Ritchie et al., 1986). 
Again, the differences  in the optimised duration of ETI in this study were not 
great, except for  Barker which  had longer thermal duration of ETI than the other  
cultivars. Thus,  the findings of other authors (e.g. Kiniry et al., 1983,  Bonhomme 
et al., 1991, Ellis et al., 1992, Bonhomme et al., 1994) have been extended to 
cultivars and environments not used in previous studies.  
 
Effect of photoperiod on leaf number 
 
The similarity of regressions of leaf number on natural photoperiod conditions 
(sowings 2-6), and combined data for natural photoperiod (sowings 2-6) plus extended 
photoperiod (sowings 2-5) conditions, confirms that the irradiance used for extension 
of photoperiod was adequate. Further, no ceiling photoperiod was reached in the 
experimental range of photoperiods, largely confirming the conclusions  of Bonhomme 
et al. (1991),  that no ceiling photoperiod existed for cultivars adapted to both 
temperate and tropical environments, at least for photoperiods less than 18 h.  
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The sensitivity of TLNO to photoperiod in excess of 12.5 h (0.31 to 1.5 leaves h-1, 
Table 3) is in the range found by Bonhomme et al. (1991) (0.29 to 2.55 leaves h-1, 
above a critical photoperiod of 12.3 h). In both studies, the most sensitive cultivars 
were adapted to tropical environments, and the least sensitive, to temperate 
environments. The  relatively low r2 values in our study (0.58 to 0.71) (Table 3) 
and in that of Bonhomme et al. (1991) (0.44 to 0.78) indicate that variables other 
than photoperiod may be influencing the number of leaves produced. For instance, 
there may have been a direct effect of  high temperature on leaf number, as found 
by Tollenaar and Hunter (1983). However, we have few data for high temperature 
conditions and thus cannot explore this possibility. 
 
Accuracy of fitted values 
 
The accuracy of the fitted values for the real time duration of ETI (Figure 4) indicate 
that the optimised values for the various temperature and photoperiod parameters can 
be used with confidence. 
 
The optimised temperature response coefficients were common across the range of 
cultivars used in this study. Hence, in the absence of data to the contrary, it is 
reasonable to apply the optimised values for Tbase, Topt and Tmax to the ETI interval in 
other cultivars of maize. However, as PPS is the prime source of genetic differences, 
PPS would have to be determined for each cultivar. When assessed against the few 
independent data on ETI that were available, predictions from the optimised Tbase, Topt 
and Tmax and PPS were satisfactory (Figure 5), although there was a slight bias towards 
overprediction. 
 
To allow comparison to the predictions from AUSIM-Maize, predictions by AUSIM-
Maize for the same data as in Figure 5 are presented in Figure 6. Figure 5 has less 
scatter, as evidenced by the higher r2 (0.84) and slightly lower RMSD (2.8 d) than in 
Figure 6 (r2 = 0.59, RMSD = 3.2 d), though the intercepts and slopes are similar. These 
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findings emphasise the importance of accurate temperature and photoperiod 
coefficients. The present study has established temperature coefficients that apply 
across cultivars of various maturity groups and genetic backgrounds, and it is 
reasonable to apply these generally. However, it also emphasises the need for accurate 
data on the thermal duration from emergence to the end of the juvenile stage and PPS 
of individual cultivars. It is also evident that, to establish values for the thermal 
duration from emergence to the end of the juvenile stage and PPS that are reliable, the 
maize must be grown in a wide range of environments. Further, the method of 
modelling of  temperature and photoperiod responses of  maize in  both CERES-Maize 
and AUSIM-Maize is appropriate. 
 
CONCLUSIONS 
 
The base, optimum and maximum temperatures from emergence to tassel initiation for 
a range of cultivars of maize were 8, 34 and 40 oC. These temperatures can be applied 
generally.  
 
PPS varied among cultivars, and was most pronounced in a tropically adapted cultivar. 
The variation was present whether photoperiod sensitivity was expressed as increased 
thermal duration of  ETI, or increased number of leaves per hour of photoperiod in 
excess of 12.5 h. Accurate coefficients for PPS for individual cultivars must be 
available for accurate modelling of the time of TI in maize. This study also found 
differences among cultivars for the thermal duration of the emergence to the end of the 
juvenile stage. Again the duration was greatest in the tropically adapted cultivar. Thus, 
for modelling purposes, the thermal duration of emergence to the end of the juvenile 
stage must be established for each cultivar.  
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The growing of various cultivars under  natural and extended photoperiod for a range 
of sowing times, as used in this study, is an effective method of establishing 
photoperiod sensitivity under field conditions. Only one site is necessary to gather data 
relevant to diverse photoperiod conditions, and thus offers an economical method of 
quantifying photoperiod sensitivity. 
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Table 1. Main and interactive effects of photoperiod extension (PP), sowing date 
(SD) and cultivar (CV) on the real time  and thermal time  duration of the 
emergence to tassel initiation interval in maize (** , * for P<0.01, P< 0.05). 
 
Effect PP SD CV PPxSD PPxCV SDxCV PPxSDxCV 
Real time 
(d) 
** ** ** ** ** ** * 
lsd (P = 
0.05) 
0.2 0.5 0.4 0.8 0.7 1.2 1.6 
Thermal 
time (oCd) 
** ** ** ** ** ** * 
lsd (P = 
0.05) 
2.0 8.0 11.7 11.3 16.5 30.9 45.6 
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Table 2 The effect of natural photoperiod and extended photoperiod (16.5 h) on the 
total number of leaves produced by five cultivars of maize sown on five dates 
(sowings 2 to 6) at Gatton, South eastern Queensland. The total number of leaves 
was not available for sowings 1 and 7. 
 
  Sowing date and natural photoperiod two weeks after emergence in sowings 2 to 6 
Cultivar Photoperiod  Sowing 2 
29 October 1993 
(14.4 h) 
Sowing 3 
26 November 
1993 
(14.8 h) 
Sowing 4 
30 December 
1993 
(14.5 h) 
Sowing 5 
27 January 1994 
(13.9 h) 
Sowing 6 
24 February 
1994 
(13.1 h) 
Hycorn 42 Natural 17.9 19.7 18.1 18.3 17.6 
 Extended 19.6 21.4 19.4 19.8 18.0 
DK529 Natural  18.0 18.5 18.8 18.5 18.0 
 Extended 18.6 19.1 19.6 19.1 18.4 
XL82 Natural 18.9 19.9 19.8 19.3 18.7 
 Extended 19.9 20.7 20.9 20.0 18.6 
Hycorn 83 Natural 19.1 20.0 20.1 19.5 19.0 
 Extended 20.1 20.2 21.7 20.4 19.3 
Barker Natural 20.7 23.6 23.0 21.7 20.9 
 Extended 23.2 27.3 26.9 24.6 21.4 
lsd (P = 0.05) = 0.50 
 
Table 3. Linear regression (y = a + b*x) of the number of leaves at tasselling, on 
photoperiod in excess of 12.5 h (i.e. Photoperiod - 12.5 h) for five cultivars of 
maize grown under natural and extended photoperiod conditions at Gatton, South 
eastern Queensland. These regressions are for the combined data an the final 
number of leaves produced under natural photoperiod conditions in sowings 2-6 
and extended photoperiod in sowings 2-5. 
 
Cultivar Constant Coefficient r2 Significance see 
Hycorn 42 17.2±0.57 0.72±0.19 0.67 P < 0.01 0.73 
DK529 17.9±0.28 0.31±0.09 0.61 P < 0.01 0.35 
XL82 18.5±0.47 0.47±0.11 0.71 P < 0.01 0.42 
Hycorn 83 18.8±0.44 0.46±0.15 0.58 P < 0.05 0.56 
Barker 19.6±1.1 1.47±0.39 0.67 P < 0.01 0.46 
see = standard error of the estimate 
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Table 4. Thermal duration of the emergence to the end of the juvenile (non-
inductive) period (EEJS) (oCd) and photoperiod sensitivity (PPS)  (oCd h-1) in five 
cultivars of maize grown under a range of photoperiod and temperature regimes in 
field trials at Gatton, South eastern Queensland, as estimated from optimisation 
routines. Thermal duration and photoperiod sensitivity are calculated from the 
optimised Tbase, Topt and Tmax of 8, 34 and 40 oC. 
 
 Hycorn 42 DK529 XL82** Hycorn 83 Barker 
Optimised EEJS 
(do C)  
236 260 236 273 310 
10% CI* on 
EEJS (oCd) 
230 - 241 258 - 262 236 - 242 273 - 300 308-313 
Optimised 
PPS(oCd h-1) 
5.0 11.0 14.0 16.0 27.3 
10% CI* on 
PPS (oCd h-1) 
3.5 - 5.0 10.7 - 11.2 9.2 - 14.0 5.0 - 16.0 26.8 - 27.3 
n* 12 12 12 11 10 
r2 0.84 0.82 0.79 0.57 0.87 
* number of observations 
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 FIGURE 3 
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FIGURE 6 
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FIGURE CAPTIONS 
 
 
Figure 1. Daily maximum and minimum temperatures 1 October 1993 to 9 July 1994. 
The months are shown at first day of each (Note: S = sowing). 
 
Figure 2. The effect of photoperiod on the real time from emergence to tassel initiation 
(TI) in five cultivars of maize for seven dates of sowing in a field experiment at Gatton. 
The legend appears in part (a) of this figure. 
 
Figure 3. The effect of photoperiod on the thermal time from emergence to tassel 
initiation in five cultivars of maize for seven dates of sowing in a field experiment at 
Gatton.  The legends are shown in part (a) of the graphs. Thermal time was calculated 
using Tbase, Topt and Tmax of 8, 34 and 44 oC. Regressions were calculated after 
excluding the 16.5 hr treatment in February and March, and the natural photoperiod 
treatment in March (12.2 h). 
 
Figure 4. Comparison of fitted values of the ETI interval after optimisation by DEVEL 
for Hycorn 42, DK529, XL82, Hycorn 83 and Barker when grown at Gatton. 
 
Figure 5. Comparison of predicted and observed duration (d) of emergence to tassel 
initiation in 16 independent experiments at Gatton and Katherine. Predicted duration 
was calculated from Tbase, Topt, Tmax and photoperiod sensitivity derived by the 
optimisation routine, DEVEL, from a field experiment at Gatton, South eastern 
Queensland. 
 
Figure 6. Comparison of predicted duration (d) of emergence to tassel initiation in 16 
experiments using Tbase, Topt, Tmax and photoperiod sensitivity values supplied with  
AUSIM-Maize, or calculated from the studies of Karanja (1993). 
 
 
